We address the nature of the bond between water molecules and metal surfaces through a systematic density-functional theory ͑DFT͒ study of H 2 O monomer adsorption on a series of close-packed transition metal surfaces: Ru͑0001͒, Rh͑111͒, Pd͑111͒, and Ag͑111͒. Aiming to understand the origin behind energetic and structural trends along the 4d series we employ a range of analysis tools such as the electron reactivity function, decomposition of densities of states, electron density differences, and inspection of individual Kohn-Sham orbitals. The results obtained from our DFT calculations allow us to rationalize the bonding between water and transition metal surfaces as a balance of covalent and electrostatic interactions. A frontier orbital scheme based on so-called two-center four-electron interactions between the molecular orbitals of H 2 O-mainly the 1b 1 -and d-band states of the surface proves incisive in understanding these systems.
I. INTRODUCTION
H 2 O-solid interactions play a prominent role in many aspects of scientific endeavor. In particular, the interaction of water with metals is central to fields such as materials science, corrosion, catalysis, and electrochemistry. [1] [2] [3] [4] Key to understanding the role water plays in these disciplines is an attainment of fundamental atomic-and electronic-level understanding of the nature of the bond between water molecules and metal surfaces. This is what we target in the current paper, which reports a systematic theoretical study, with a predictive first principles approach, of the adsorption of individual water monomers on a number of close-packed 4d metal surfaces. Although van der Waals interactions will play a role in the bonding of water monomers to metal surfaces, it is usually assumed that the bonding stems mainly from a combination of orbital and electrostatic interactions. 5, 6 Since the water molecular dipole is pretty large, 1.8 D in the gas phase, one could foresee a significant role of the molecular dipole with the substrate through a metal image dipole interaction. [7] [8] [9] However, a simple electrostatic picture which such a model apparently implies does not agree with the parallel-like water adsorption geometry claimed to occur for water monomers on many close-packed metal surfaces. 6, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Instead this configuration has been rationalized in terms of covalent bonding interactions between d states of the substrate and specific molecular orbitals of the adsorbate. 5, 6, 18, 22, 23 In particular, the role of the water 1b 1 lone pair orbital in the bonding appears to be crucial.
Notwithstanding the general insight and the tremendous amount of work performed on these seemingly simple adsorption systems 5, 6, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] the precise details of the nature of the bond between water monomers and close-packed metal surfaces remains a matter of debate. [25] [26] [27] [28] [29] [30] Important questions remain unanswered, such as, for example: ͑i͒ What is the role of partial and full occupation of the d-band when moving along the transition metal series? and ͑ii͒ What precisely is the role of the 1b 1 lone pair orbital and how does it steer the water adsorption geometry? Indeed there are currently two different flavors to describe the role the 1b 1 orbital plays in these adsorption systems: One which is based upon a covalent bonding mechanism and another that is based on charge redistribution in order to reduce Pauli repulsion with the substrate. 25, 31 Can these two pictures be merged in some way? The main aim of the present work is to tackle these and related issues by understanding in detail the nature of the electronic structure that lies behind these adsorption systems and in so-doing build an overall bonding model for monomeric water on close-packed metal surfaces. To this end, we present results from density-functional theory ͑DFT͒ concerning the study of the adsorption of water monomers on a series of close-packed 4d metal surfaces: Ru͑0001͒, Rh͑111͒, Pd͑111͒, and Ag͑111͒. The many interesting properties of adsorbed water clusters and extended two-dimensional ͑2D͒ water overlayers, which have received much attention in recent years, are out of the scope of the present work. The rest of this paper is organized as follows. The computational details and theoretical methods used to analyze our results are described in Sec. II. Section III begins with a brief discussion of the electronic reactivity of the clean metal surfaces and the gas phase water molecule. Water adsorption energies and geometries are discussed in Sec. III B. The interaction between the water dipole moment and its image inside the surface is then considered from a pure electrostatic point of view in Sec. III C. Analysis of electron densities and density of states in these adsorption systems is presented in Secs. III D and III E, respectively. Further analysis and the construction of interaction diagrams based on frontier orbital arguments are given in Sec. III F. Finally, we close in Sec. IV with a discussion and conclusions.
II. METHODOLOGY AND COMPUTATIONAL DETAILS
Adsorption energies and geometries have been obtained through a series of DFT calculations within a periodic slab approach using the CASTEP code. 32 Preliminary calculations including the usual tests of supercell size, vacuum spacing between slabs, plane wave cutoff, and number of k-points for the first Brillouin zone sampling, were first performed to establish a consistent and reliable numerical setup. Vanderbilt ultrasoft pseudopotentials 33 were used throughout, expanded within a plane wave basis set with a cutoff energy of 400 eV. The Perdew-Burke-Ernzerhof 34 ͑PBE͒ exchangecorrelation functional was used together with a Monkhorst-Pack 35 grid with at least 12ϫ 12ϫ 1 k-point sampling per 1 ϫ 1 cell. Most geometry optimizations were started from the orientations obtained previously 5 and reoptimized with the current setup with a convergence threshold of 0.01 eV/Å on the atomic forces. Water was adsorbed within a p͑2 ϫ 2͒ unit cell cut along the ͑111͒ direction for Rh, Pd, and Ag, and along the ͑0001͒ plane for Ru, containing in all cases four atomic layers separated by 14 Å of vacuum. The atoms in the bottom layer were fixed at their bulk-truncated PBE positions. 36 We have employed standard analysis tools to reach an understanding of the fundamental interactions involved in water-metal bonding. Specifically we have explored the behavior of the projected density of states ͑PDOS͒, electron density difference ͑⌬͒, and the electron density of the Kohn-Sham eigenstates. 37 Here ⌬ is defined as 
where k B is the Boltzmann constant and k B T el stands for the broadening parameter, where T el is the artificial electronic temperature. W͑r͒ is especially useful for treating systems that show weak interactions such as water adsorption on metals. Through W͑r͒ it is possible to characterize the local reactivity of a metal surface before adsorption. The Wilke function derives from the hard and soft acid and base principle introduced by Pearson and co-workers. [41] [42] [43] Soft species can change their electronic configuration easily, i.e., the valence electrons can be polarized, removed or added with a low energy cost. On the other hand, hard species show the opposite behavior. When two reactants interact, either hardhard or soft-soft interactions are preferred. Wilke et al. proposed a convenient measure of the spatial distribution of W͑r͒ for metal surfaces, which characterizes the local polarizability of the surface. It is based on the changes in the electronic states close to the Fermi level, E F , due to the broadening of the occupation numbers in this frontier region. Positive ͑negative͒ regions in W͑r͒ plots indicate electron states that can be easily occupied ͑depleted͒. In practice, we have computed W͑r͒ from two different electron densities, ͑r , T el,1 ͒ and ͑r , T el,2 ͒, calculated with different broadening parameters, k B T el,1 = 1.4 meV and k B T el,2 = 123.8 meV. These two self-consistent calculations were performed at the optimized relaxed geometries, employing a p͑1 ϫ 1͒ unit cell and a 6 layer slab. Since W͑r͒ is extremely sensitive to the first Brillouin zone ͑IBZ͒ sampling, highly dense k-point meshes are mandatory in order to obtain converged plots. 44 Here 938 k-points in the IBZ ͑25ϫ 25ϫ 3͒ have been employed in order to obtain the plots of W͑r͒.
III. RESULTS

A. Electronic reactivity function of the isolated fragments: Substrate and water
Prior to water adsorption, we consider the local isoelectronic reactivity function, W͑r͒, of the clean Ru͑0001͒, Rh͑111͒, Pd͑111͒, and Ag͑111͒ surfaces, and then the isolated gas phase water molecule. From Fig. 1 it is clear that at all considered metal surfaces a pronounced inhomogeneity in W͑r͒ is observed, with distinct regions of "softness" at all distances from the surfaces displayed. The magnitude of the population and depletion regions is not the same for all metals. In particular, the largest changes are observed for Pd͑111͒ and the smallest for Ag͑111͒. Further, it can be noticed that the features of W͑r͒ differ substantially when moving along the d-metal series. Specifically, the clover-shaped regions common to the Ru, Rh, and Pd 45 surfaces switch in sign upon moving from Ru to Pd. This simply reflects that the nature of the orbitals involved in each case is different, which, obviously, reflects the different occupation of the d states. When considering the interaction of water with these surfaces, soft zones ͑either dark red or dark blue in Fig. 1͒ are particularly interesting as potential sites for water adsorption. The specific topology of such regions depends on the considered height above the surface and the metal. As will be shown in Sec. III B, after adsorption the water-metal distances are in the range of 2.3-2.7 Å and, therefore, it is reasonable to expect that the reactivity of the surface will be determined by the topology of W͑r͒ at distances above Ϸ1 Å ͑roughly half of the water-metal distance͒. At distances around Z = 1.0-1.5 Å soft regions are centered essentially around atop sites ͑dark blue and dark red zones in Fig. 1͒ in all cases, pointing out that such sites ͑as we know͒ are likely targets for water adsorption.
Let us move now to briefly discuss the electronic structure of an isolated H 2 O molecule. The core region is comprised of 1a 1 and 2a 1 states, essentially oxygen 1s and 2s. Outside this in the valence region there are, in order of increasing energy, the 1b 2 , 3a 1 , and 1b 1 states. The 3a 1 and 1b 1 states are the highest energy valence states of water, and thus are the most likely to be involved in bonding. The highest occupied molecular orbital, the nonbonding 1b 1 , is mainly an oxygen p-like lone pair perpendicular to the molecular plane. The 3a 1 orbital sits about 2.0 eV below the 1b 1 and is comprised primarily of O p character residing in the plane of the molecule plus some weak H s contribution.
In Figs. 2͑a͒ and 2͑b͒ the free water molecule is analyzed in terms of the reactivity index, W͑r͒. A clear electron depletion region is observed around the periphery of the water molecule corresponding to the spatial domains associated with the occupied 3a 1 and 1b 1 orbitals, while the region around the oxygen atom shows potential for electron accumulation associated with the first unoccupied state, the 4a 1 orbital. We will see below that the electron rearrangement within the water molecule upon adsorption largely resembles these plots of W͑r͒. Water, when approaching parallel to the surface, is then electronically soft and, therefore, it interacts efficiently with soft surface regions, i.e., atop sites and their vicinity as pointed out previously and as discussed in more detail in Sec. III B.
B. Adsorption energies and geometries
As pointed out in previous DFT studies, 5, 18, 21 on all the metals considered here water monomers adsorb on atop sites and lie almost parallel to the surface. By almost parallel we mean that the tilt angle ͑␣͒ between the molecular plane and the surface ranges from 0.5°to 11.5°͑Table I and Fig. 2͒ . In addition, the angle ␦ between the surface normal and the oxygen atom of the water molecule shows small values ranging from 3.0°to 7.6°across the different metal surfaces. And the azimuthal angle, , exhibits a slight energetic preference for the O-H bonds to be directed toward the nearest adjacent metal atoms on the surface. Overall the potential energy surface of water adsorption on these surfaces is quite flat in the vicinity of the atop site and rather insensitive to small changes of a few degrees in ␣, ␦, and . In a range of Ϯ5°f or ␣ and ␦ around the minimum, the total energy change is less than 5 meV ͑Fig. 3͒. Besides, the rotation of the water molecules with the O atom pinned to the atop metal site ͑͒ shows also a flat dependence ͓Fig. 3͑c͔͒. On each surface the internal H-O-H angle ͑͒ of the water molecule is expanded very slightly by Յ1°with respect to the gas phase geometry. The metal-oxygen distance ͑d M−O ͒ is about 2.3 Å for Ru, Rh, and Pd and about 2.7 Å for Ag. As can be seen from Table I , the computed adsorption energies 46 decrease in the sequence RuϾ RhϾ PdϾ Ag, ranging from Ϫ0.42 to Ϫ0.15 eV. All these results are largely consistent with previous work on these adsorption systems.
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C. Metal image dipole interaction
In trying to understand these adsorption systems we first consider the role electrostatics play, focusing, in particular, on the importance of the permanent water dipole moment of the water molecule. Indeed the electrostatic dipole interaction with the substrate through a metal image dipole is attractive in nature and, with few exceptions, 47 said to favor a perpendicular water adsorption configuration. 5, 7, 8 We have considered here explicitly a classical model developed by Maschhoff and Cowin 8 to quantify the interaction between an adsorbed dipole and the image-charge induced on the metal surface. From a pure classical model an adsorbed molecule is assumed here to have an unperturbed dipole moment 0 = q · d and the dipole can be modeled then by two point charges Ϯq with a d molecular dipole length ͓Fig. 4͑a͔͒. The energy of the dipole in its self-induced field-without considering its internal polarization-located ␤ away from the metal image plane is given by
where G͑␤ , d͒ is a factor which depends on the adsorbed dipole geometry, i.e., ␤ and d. We have considered here two different dipole orientations to the surface: Vertical and flat.
For each case the explicit expression for G͑␤ , d͒ becomes
and
for vertical and flat orientations, respectively. In order to compare the relative stability of vertical and flat orientations for a given adsorbed dipole geometry, we have computed the difference between U se vertical and U se flat . U se is always negative, since it represents a charge-to-image- charge attraction. Therefore, ͑U se vertical − U se flat ͒ Ͻ 0 indicates that the vertical orientation is favored over the flat one. Figure 4͑b͒ shows ͑U se vertical − U se flat ͒ for a range of ␤͑1.0-3.0 Å͒ and d͑0.0-1.0 Å͒ parameters and setting an arbitrary dipole charge of Ϯ0.80e-the Mulliken charge of the oxygen atom when water is adsorbed on the different metal surfaces ranges from −0.76e ͑on Ru͒ to −0.86e ͑on Ag͒. 48 Two clear preferred orientation domains can be distinguished depending on the considered ␤-d set. The region where a vertical orientation is favored corresponds to the most probable physical situation. Specifically, for a water molecule a realistic value for d should be around 0.5-0.7 Å. The parameter ␤ is related to the height of the molecule above the image plane of the metal surface. With a metal interlayer distance of ⌬, then the image plane can be expected to be at about ⌬ / 2, 8, 9 giving values of ␤ around 1.6-2.0 Å for the different metals considered here. From these results we conclude that the vertical orientation is favored over a flat one within the pure electrostatic model considered here. According to the DFT results discussed in Sec. III B, however, the water molecule lies almost parallel against the surface. Thus the adsorption geometry is dictated by something other than the dipole-image interaction. We now move on to examine in detail the computed electronic structures of these adsorption systems obtained from our self-consistent first principles calculations.
D. Electron density and Mulliken analysis
Figure 5 displays electron density difference plots, obtained according to the procedure outlined in Sec. II, for the four water adsorption systems under consideration here. Such plots, which are consistent with those reported before for water monomer adsorption on close-packed metal surfaces, 18, 25 provide an immediate overview for how the electrons rearrange upon adsorption. In particular, it can be seen that the major region of charge rearrangement is located along the water-metal bond axis. In the case of Ru, Rh, and Pd a clear d z2 -like depletion region is observed for the metal atom to which water is bonded, accompanied by a population of equatorial d-orbitals. Actually, this is consistent with the topology of the W͑r͒ function discussed in Sec. III A, which implies a reduction in Pauli repulsion that allows the H 2 O molecule to approach closer to the metal surface. In addition a small electron gain domain is observed along the O-metal bond, whose magnitude increases when moving from right to left along the periodic series. In each case charge redistribution on the neighboring metal atoms is considerably smaller. Moreover, compared to the three other metals, the density rearrangement at the Ag surface is less pronounced. A complimentary approach for extracting general information about the charge rearrangement in these systems is provided by a Mulliken population analysis ͑Table II͒. 49 This suggests that the overall charge transfer between the adsorbed water molecules and the substrate is very small. The total charge transfer from the adsorbed water molecule to the metal never exceeds 0.03e. This is something that could already be inferred from the electron density difference plots displayed in Fig. 5 . More significant, in terms of the Mulliken population analysis, is an internal charge rearrangement within the water molecule. Specifically we find that compared to the gas phase, in all four adsorption systems, an Ϸ0.2e internal charge transfer is observed from the O p-like orbitals to the two H s-like orbitals.
Moving now to the substrates, the Mulliken analysis indicates that the metal atom directly beneath the water molecule is slightly depopulated by 0.1-0.2e with a corresponding electron transfer into s-and d-like orbitals of neighboring surface atoms. In particular, the s, p, and d components are depleted by Յ0.1e, Յ0.04e, and Յ0.05e, respectively. These electrons are gained uniformly by the other metal atoms in the topmost surface layer of the metal. This behavior is again consistent with the ⌬ plots ͑Fig. 5͒, since the observed strong charge rearrangement involves essentially an internal reorganization of axial and equatorial d-orbitals with only a small build up in density on the neighboring metal atoms. Although charge transfer between metal axial d to s orbitals has been said to contribute to water-metal bonding in more open surfaces, 50 we do not observe a net population gain of s orbitals for the systems considered here. Nevertheless, some role of sp states in the bonding cannot be ruled out, as will be discussed below.
E. Density of state analysis
Having obtained some overview of how the electrons rearrange in these systems, we now look in more detail at the specific orbitals involved in the water-metal interaction. To this end we examine the partial density of states for water adsorbed on each of the four metals considered here. Specifically, in Fig. 6 the PDOS of the H 2 O molecule and of the metal atom of the atop site to which it is bonded are displayed relative to E F . In addition, in order to rationalize consistently the absolute shifts experienced by the various water states when interacting with the substrate, we have also computed the effective potential at the vacuum level ͑V ϱ ͒ ͑Ref. 51͒ for both isolated and adsorbed water ͑see Table III͒ . Now let us consider the various water states, starting with the low energy 2a 1 -and 1b 2 -like water MOs, which appear around 22 and 10 eV below E F , respectively. These orbitals are far below the metal valence band of each metal and can thus be expected to interact weakly with the metal states. Nevertheless, the 2a 1 and 1b 2 states after adsorption on Ag ͑Ru, Rh, and Pd͒ shift down in energy 5.6 ͑5.9-6.0͒ eV and 5.6 ͑5.8-5.9͒ eV, respectively. A careful inspection of the density of the individual Kohn-Sham eigenstates associated with these levels reveals that no mixing or hybridization with the substrate states takes place. Thus these shifts are due to an intrinsic adsorbate level resonance with the broad metal continuum of states in agreement with the Newns-Anderson model for the case of weak coupling between states. 52 Similar large shifts have been reported previously for H 2 adsorption on metals. 53, 54 Although a direct relationship between the metal work function ͑⌽͒ and the magnitude of this shift for a given adsorbate state is not clear, larger ⌽ values seem to induce larger shifts ͑see Table III͒. In the case of the 3a 1 and 1b 1 states these undergo larger absolute shifts down in energy than those due to coupling with the metal continuum ͑Table III͒. This extra energy stabilization is a signature of covalent coupling between these water levels and the substrate. Indeed inspection of the density associated with the individual Kohn-Sham eigenstates within these peaks reveals mixing with substrate d states. We will say more about this mixing in Sec. III F when considering with which region͑s͒ of the metal d-bands these orbitals interact. Notice that for the case of Ag an extra less promi- nent peak at 3 eV below E F is also observed ͓Fig. 6͑d͔͒. For the current discussion only the second more intense peak below E F has been taken into account. In order to establish any possible contribution to the level shifts observed here from changes in the geometry of the water molecule upon adsorption, reference calculations involving gas phase water molecules but at the geometries assumed after adsorption on each surface, have also been performed. As shown in Table III , the effect of water geometry is pretty small, only in the case of the 2a 1 orbital are slightly larger differences observed ͑Ͻ0.1 eV͒. Thus we rule out small structural variations in the adsorbed water molecules as being behind the trends in adsorption being discussed here.
In addition to energy, the broadening of a particular peak is another important characteristic that can provide insight into the nature of bonding. 55 The greater the overlap between individual orbitals involved in a given state, the greater the broadening. Taking an isolated water molecule as a reference, 56 the change in the width of the valence states upon adsorption is qualitatively consistent with the proposed bonding scheme described above: ͑i͒ The 2a 1 and 1b 2 peak widths remain nearly unperturbed; ͑ii͒ the 3a 1 peak is slightly broadened ͑Ͻ0.1 eV͒; and ͑iii͒ the 1b 1 peak undergoes a noticeable enlargement ͑0.3-0.5 eV͒, which depends on the considered metal. We note though that consistent with the weak bonding in these adsorption systems, the broadening, even for the 1b 1 , peak is not particularly large.
F. Frontier orbital picture
Now we look in more detail at the partial densities of states for these systems. In particular, how the PDOS change upon adsorption. We then use this information and what we have learned already from Secs. III D and III E to construct frontier orbital diagrams for these adsorption systems.
As pointed out before, the major surface-adsorbate interactions involve the 3a 1 and 1b 1 orbitals of water. The initial metal orbitals that are able to overlap efficiently with these adsorbate orbitals can be inferred by inspecting the PDOS depletion regions with respect to the clean surface. The regions where states disappear indicate states that are involved in the bonding. Regions where new states are created-gain regions-denote the formation of new bonding and/or antibonding states. We use this information to restore the corresponding frontier orbital diagrams 38, 59, 60 within the context of a tight-binding model. 61 In particular, we have considered an orbital model perspective in the framework of Hoffmann's interaction diagram concepts, 55, [62] [63] [64] which have proven to be well suited to interpreting the nature of bonding in adsorption systems.
From inspection of the PDOS plots in Fig. 7 we find that the H 2 O 3a 1 ͑left most peak͒ interacts mainly with a narrow region of the d-band, leading to the formation of fully occupied bonding and antibonding states. Thus it turns out that the 3a 1 interaction with the d-metal band is destabilizing. Mainly this is due to the fact that the 3a 1 state is too far below E F and, therefore, the resultant interaction is too weak to enable the antibonding states to rise above E F and become depopulated. Indeed, the mixing of the d and 3a 1 orbitals is quite small. The corresponding insets of Fig. 7 clearly show that the bonding states are almost exclusively of 3a 1 character with very little d character apparent. The 3a 1 orbital interacts more weakly as one moves to the left of the series, but essentially the nature and extent of this interaction is qualitatively the same for the four 4d metals. Therefore it will not be further considered.
As we have said, the H 2 O 1b 1 orbital is the closest one to the E F of each metal and, therefore, able to interact most strongly with the states of the metal. This is seen by the prominent d depletion region around E F for Ru, Rh, and Pd ͑Fig. 7͒, and to a smaller extent sp depletion. Indeed, it is because the 1b 1 orbital is orthogonal to the C 2v symmetry plane of the molecule, that water prefers to adsorb flat ͑small angle ␣͒ on the surface in order to maximize the interaction of this orbital with the substrate. The d depletion region around E F becomes larger when moving from Ru to Pd, behavior which can be explained by the fact that the Pd͑111͒ surface is the most chemically "soft," followed by Rh͑111͒ and Ru͑0001͒, as indicated by the W͑r͒ analysis ͑Sec. III A͒. It does not mean that water interacts most strongly with Pd, but rather that Pd is able to depopulate more easily its frontier orbitals. We conclude from the electron density difference plots ͑Fig. 5͒ and inspection of individual Kohn-Sham eigenstates that this portion of the d-band is formed essentially by d z2 -like orbitals which are pointed directly toward Since the d orbitals involved in the bonding are initially located very close to E F it implies that the antibonding states appear above the E F . The case of Ag is a different story, since E F is Ϸ2 eV above the top of the d-band. It means that the antibonding states will be fully occupied and no covalent stabilization can take place. The small adsorption energy computed for water on Ag͑111͒, Ϫ0.15 eV ͑Table I͒, is, therefore, due to electrostatic interactions. Since water adsorbs flat on Ag, and the pure metal image dipole interaction favors a vertical orientation ͑Sec. III B͒, we speculate that quadrupole-quadrupole 66 interactions might be responsible for the observed adsorption geometry of water on Ag͑111͒.
Bringing together all the points discussed so far, we arrive at the schematic set of frontier orbital diagrams sketched in Fig. 8 , which provide a general overview of the main interactions dictating the bonding in these systems. We focus now on the specific differences along the investigated 4d series. As one goes from Ru to Pd the d orbitals at the top of d-band are more populated and the d density changes consequently become larger. Moreover, the center of gravity of the d-band falls. In the case of Ag, the fully occupied antibonding MO derived from the interaction of H 2 O 1b 1 and the top of the d-band lies below E F . Thus this is a repulsive twocenter four-electron interaction. The situation is different for the cases of Ru, Rh, and Pd, where the antibonding component of the interaction with the most energetic d metal states rises totally ͑Ru and Rh͒ or partially ͑Pd͒ above E F ͓Figs. 8͑a͒-8͑c͔͒. In these cases the electrons associated with such antibonding levels can be dumped at the E F contributing to a stabilization of the system. 55 This stabilization mechanism becomes less effective when moving from Ru to Pd, since 
the antibonding states get progressively occupied. Moreover, if one compares the corresponding frontier orbital diagrams, it can be observed that the energy gain produced by the orbital mixing-energy difference between H 2 O 1b 1 level and the corresponding new bonding state formed-decreases when moving right along the series. These two facts together justify the adsorption energy trends discussed in Sec. III B, i.e., the less the stabilization is, the less the adsorption energy is. It is noteworthy that according to the PDOS difference plots the role of the s and p electrons in these adsorption systems is not negligible. As discussed in Sec. III E the reported sp to d charge transfer is not picked up by the Mulliken analysis. Nevertheless, a depopulation of s and p states along a broad region around E F denotes the participation of these states in the water-metal bonding. Compared with d states, their role is less prominent, but not negligible. In particular, the interaction of water with such states could be behind the origin of the small electron gain region along the water-metal axis ͑Fig. 5͒, corresponding to the new states formed at low energies ͑around the H 2 O 3a 1 and 1b 1 ͒, as suggested by Li et al. 50 Indeed, this fact implies that likely some sort of a d z2 -sp hybrid type orbitals are those that interact with H 2 O 3a 1 and 1b 1 orbitals.
IV. DISCUSSION AND CONCLUSIONS
The adsorption of H 2 O monomers on 4d metal surfaces has been investigated through a systematic DFT study. The aim has been to extract insight in to the general features that govern the bonding in such adsorption systems. Let us now briefly summarize the key conclusions and discuss the main results of this paper in a somewhat broader context:
͑i͒
The interaction between the H 2 O 1b 1 orbital and the top of the metal d-band results in the formation of a set of bonding and antibonding states. The ability of the metal to stabilize this two-center four-electron interaction by depopulating the antibonding states controls the trends observed in the water adsorption energies. When the metal d-band is partially occupied, these states appear above E F and the mentioned depopulation can take place. This stabilization mechanism is viable for Ru and Rh, less favorable for Pd and unfeasible for Ag. Clearly this is an interpretation of the bonding in the language of covalency. This interpretation is largely equivalent with an alternative interpretation of the bonding in these systems, where similar ⌬ plots to those shown in Fig. 5 have been interpreted in terms of enhancement of the overlap between orbitals as a consequence of a reduction in Pauli repulsion between the 1b 1 orbital and axial metal d orbitals, 25, 31 resulting in a closer approach of the water molecule to the metal surface. ͑ii͒ Atop sites are preferred since this allows for the best soft-soft interactions in terms of the reactivity index, W͑r͒, which controls the final molecular orientation as well. ͑iii͒ Adsorption at atop sites and a flat water orientation is the preferred mode of adsorption for water on these and most likely several other close-packed late transition metal surfaces. Both DFT ͑Refs. 6 and 18-20͒ and many indications from experiment [10] [11] [12] [13] [14] [15] [16] [17] consistently agree that such a structural model is correct. Of course, we are not suggesting that water will adsorb like this on every metal surface. Indeed, the realization that the 1b 1 water MO is key to many of the properties of water on metals together with the softsoft interaction concept analyzed in terms of the reactivity function, W͑r͒, provides a useful tool to predict other adsorption configurations on as-yet not studied surfaces.
Finally, although it was beyond the scope of the present study, to arrive at a complete understanding of how water molecules bond to metal surfaces it will, of course, be interesting and important to understand the role van der Waals dispersion forces play. With the emergence of various DFTbased schemes to account for such interactions [67] [68] [69] [70] [71] [72] [73] [74] and quantum Monte Carlo, it seems that an answer to this question is not too far away.
